This research addressed the effect of mineral and organic soil constituents on the fate of organic compounds in soils. Specifically, it sought to determine how the associations between organic chemicals and different soil constituents affect their subsequent biodegradation in soil. Four "C-labeled surfactants were aseptically adsorbed to montmorillonite, kaolinite, illite, sand, and humic acids. These complexes were mixed with a woodlot soil, and "4CO2 production was measured over time. The mineralization data were fitted to various production models by nonlinear regression, and a mixed (3/2)-order model was found to most accurately describe the mineralization patterns. Different mineralization patterns were observed as a function of the chemical and soil constituents. Surfactants that had been preadsorbed to sand or kaolinite usually showed similar mineralization kinetics to the control treatments, in which the surfactants were added to the soil as an aqueous solution. Surfactants that had been bound to illite or montmorillonite were typically degraded to lesser extents than the other forms, while surfactant-humic acid complexes were degraded more slowly than the other forms. The desorption coeflicients (Kd) of the soil constituent-bound surfactants were negatively correlated with the initial rates of degradation (k,) and estimates of "4CO2 yield (PO) as well as actual total yields of "4CO2. However, there was no relationship between Kd and second-stage zero-order rates of mineralization (ko). Microbial community characteristics (biomass and activity) were not correlated with any of the mineralization kinetic parameters. Overall, this study showed that environmental form had a profound effect on the ultimate fate of biodegradable chemicals in soil. This form is defined by the physicochemical characteristics of the chemical, the composition and mineralogy of the soil, and the mode of entry of the chemical into the soil environment.
of the mineralization kinetic parameters. Overall, this study showed that environmental form had a profound effect on the ultimate fate of biodegradable chemicals in soil. This form is defined by the physicochemical characteristics of the chemical, the composition and mineralogy of the soil, and the mode of entry of the chemical into the soil environment.
Synthetic organic chemicals (xenobiotics) enter terrestrial environments as a result of intentional application, waste disposal practices, accidental spills, land use patterns, and atmospheric fallout. Their fate in soils is a function of both abiotic and biotic processes, which include transport and sorption, chemical catalysis, photodegradation, and biodegradation. Biodegradation of a chemical in soil is determined by the presence and size of degrader populations, as well as environmental conditions that affect the activity of these populations and the bioavailability of the chemical.
Several studies have shown that various soil constituents may alter the biodegradation of chemicals in solution. Benzylamine degradation was substantially inhibited when incubated in the presence of montmorillonite (31) , whereas diquat degradation was severely inhibited in the presence of montmorillonite clays but not in the presence of kaolinite clays (48) . In contrast, Scow and Alexander (41) found substantial decreases in the rates and extents of phenol and glutamate degradation in the presence of kaolinite. Other workers have shown that naphthalene or ot-hexachlorocyclohexane must desorb from the soil matrix before biodegradation can occur (1, 36) . Ogram et al. (33) likewise demonstrated that 2,4-dichlorophenoxyacetic acid had to be available in the soil solution before biodegradation could begin but found that both sorbed and free bacteria could degrade the 2,4-dichlorophenoxyacetic acid. In another study, the effect of the soil matrix on chemical biodegradation was microorganism specific, such that one bacterial species was capable of metabolizing sorbed naphthalene but another species required naphthalene to be in solution (13) . In contrast to the aforementioned studies, other studies have shown that biodegradation of pentachlorophenol and toluene was not retarded by interactions with the soil matrix (3, 38) .
Many of these previously mentioned studies were performed with dilute suspensions of the soil constituents, which are not representative of typical soil conditions. Only a few studies have assessed the effects of added soil constituents under environmentally realistic conditions. Bellin et al. (3) found that sorption of pentachlorophenol to alkaline and acidic soils increased with increasing additions of sludge but that biodegradation was not affected. O'Connor et al. (32) reported that sludge additions did not significantly affect either the adsorption or biodegradation of a related chemical, 2,4-dichlorophenol, in calcareous soils. In other studies, addition of various levels of different clays to soils generally resulted in decreased mineralization of a chemical to CO2 (25, 44, 45) . These studies did not differentiate the effects of the added clay on overall microbial activity and on the bioavailability of the test chemical. Furthermore, none of these studies of addition of sludge and clays to soils have specifically addressed the interaction between the chemicals and the added constituents.
The present study is unique in that organic chemicals were (35) and are increasingly important in the remediation technology of in situ soil washing (10, 28 Tri-Carb 2200CA scintillation counter, using an efficiency tracing protocol for quench correction. Specific activities of the bound surfactants closely agreed with theoretical specific activities, based on the total "4C activity added to each soil constituent. Mineralization assays. Mineralization of the bound surfactants was measured in serum bottle radiorespirometers as described by Knaebel and Vestal (20) . The surfactant-soil constituent complexes were added at a low level (1.25%, wt/wt) to avoid altering the biology and chemical and physical characteristics of the soil. A small amount (100 mg) of the surfactant-soil constituent complex was mixed with 8.0 (dry weight) of soil. Sterile deionized distilled water was then added to bring the mixture to 70% gravimetric water-holding capacity. Controls were treated similarly, except that the surfactant was dissolved or dispersed in the water used to adjust the water-holding capacity. Four replicates of each treatment were tested. Abiotic controls were autoclaved three times and amended with 4.7% formalin and 30 mg of thimerosol kg-1 as previously described (19) . The respirometers were incubated in the dark at room temperature (ca. 22°C). Mineralization was measured over a period of 2 months.
Desorption assays. Desorption coefficients (log Kd) were determined by standard techniques (la) adapted for desorption applications. An aliquot of each complex was placed into sterile 10 mM NaN3 in acid-washed polypropylene or glass centrifuge tubes. The tubes were vortexed briefly and placed horizontally on an orbital shaker (120 rpm) at room temperature (22 to 24°C). At predetermined intervals, the tubes were centrifuged and a portion of the supernatant was removed for radioactivity determination. The complexes were resuspended, and the process was repeated until the level of radioactivity in the supernatant remained constant. Equilibria were assumed when the radioactivity in the supernatant was constant. This usually occurred within 2 to 4 h, but experiments were conducted for 24 to 48 h. The Kd was calculated from the ratio of radioactivity remaining bound to the soil constituents (dpm per milligram) to radioactivity in the supernatant (dpm per milliliter). The former was estimated by subtraction of the supernatant value from the total added radioactivity.
Data analysis. Mineralization results were fitted to firstorder (23) and 3/2-order mineralization models (7). The two models are similar, but the 3/2-order model has additional terms for growth and a zero-order mineralization rate.
The first-order model has the following form: P = PO [1 - e(-klt)], where P is the percentage of compound mineralized at time t, PO is the asymptotic percentage of compound converted to 14C02, and k1 is the first-order rate constant (day-1). The 3/2 model (with linear growth term) has the following form:
, where P is the percentage of compound mineralized at time t, PO is the percentage of compound converted to 14Co2 during first-order metabolism, k, is a proportionality rate constant (day-'), k2 is a linear growth rate term, and ko is a zero-order rate constant (percent day-). On the basis of the small amounts of labile carbon (i.e., the surfactants) which were added to the soil (50 ng g-1), no growth was assumed and k2 was removed from the equation (7), to give the following: P = PO [1 - 
e( klt)] + (kot).
The mineralization data were fitted to the models by the Quasi-Newton minimization technique in the NONLIN module of Systat, Evanston, Ill. The model that best fit the mineralization data was determined by the F-test procedure outlined by Robinson (37 (Fig. 2) . The biomass and physiological activity of this soil were similar to those of other soils in this geographical region (19) . After the mineralization experiments were terminated, mean microbial biomass and activity were elevated compared with the initial values in most treatments, including the control (Fig. 2) . This increase in mean value was also accompanied by increased variability within each treatment. Hence, the biomass in treatments amended with surfactant-soil constituent complexes was not significantly different from that in the control treatments (P 3 0.05) (Fig. 2a) . Similarly, microbial activity, whether expressed in terms of soil mass (Fig. 2b) growth parameter (k2), and a linear mineralization rate (ko).
The k2 estimates were usually zero in this study (data not shown), so no growth was assumed. Therefore, the growth term was removed from the model (7) . This was consistent with the minimal changes in biomass during the mineralization experiments (Fig. 2a) and the low level of added surfactants (50 ng g').
Because of the error minimization calculations used by the nonlinear regression algorithm, the estimates of equivalent parameters of the 3/2-order model differed in a consistent fashion from those of the first-order model. The The environmental form of the surfactants had variable but significant effects on the rate and extent of mineralization of the radiolabeled chemicals. In some instances, different chemicals also exhibited distinct mineralization kinetics when associated with the same soil constituent. Figure 4 shows evolution of 14C02 from the various chemical-soil constituent complexes as a function of time. For LAE, the total yield of 14C02 during the experiment was similar (-55%) when LAE was associated with kaolinite, sand, or humic acid or added to the soil in aqueous solution ( Fig. 4a ; Table 1 ). The yield was significantly lower when LAE was bound to illite (43%) or montmorillonite (34%). During the initial 4 days, LAE added as an aqueous solution was mineralized more rapidly (k1 = 0.58 day-') than was LAE added in the bound form (Fig. 4a inset) . The k, for LAE bound to montmorillonite, kaolinite, illite, or sand was approximately 0.45 day-1, while that for LAE bound to humic acid was 0.23 day-'. Notably, mineralization of the LAEhumic acid complex exhibited a sigmoidal mineralization pattern. The ko ranged from 0.12% day-' for montmorillonitebound LAE up to 0.21% day-' for kaolinite-bound LAE.
The microbial mineralization of the various environmental forms of LAS was different from that observed for the analogous forms of LAE (Fig. 4b) . The total yield of 14C02 for LAS after 60 days was greatest when LAS was associated with kaolinite (75%), sand (70%), or illite (68%). The The yield of 14CO2 from STAC was the lowest for all the materials tested, regardless of environmental form (Fig. 5b) Table 2 shows the desorption coefficients (Kd) for the various chemical-soil constituent complexes. The Kds for LAE were similar for all soil constituents (98 to 162 liters/kg). In contrast, those for LAS were highly variable, ranging from 22 liters/kg for montmorillonite to 1,698 liters/kg for humic acid complexes. On average, the desorption coefficients for the stearate and STAC complexes were considerably greater than those of other two surfactants. The Kds for the humic acidbound surfactants were usually the largest for any of the soil constituent-surfactant complexes, and the Kds for montmorillonite-and sand-bound surfactants were usually the lowest. The low values for montmorillonite were unexpected, given its large surface area. However, because of the use of alcohol rather than water during the adsorption process, this 2:1 clay was not fully expanded and many interstitial sites were not available. Figure 6 shows the relationships between the desorption coefficient (log Kd) and the various mineralization parameters. For all of the surfactant-soil constituent complexes, log Kd was negatively correlated with k1 (r = -0.862; P S 0.01), PO (r = -0.663; P -0.01), and the total recovery of 14CO2 (r = -0.620; P s 0.01) but was not significantly related to ko (r = -0.182; P -0.05). For LAS and STAC, k, was inversely related to the desorption coefficient of the various soil constituent complexes. No such relationships, however, existed for the LAE and stearate complexes (Fig. 6a) . More importantly, the average k1 and log Kd for each compound was inversely correlated. Thus, the differences among chemicals as well as within the STAC and LAS treatments accounted for the observed correlation between k1 and log Kd. In contrast, the negative correlation between PO and log Kd appears to be largely dependent on the differences between the surfactants and not to be due to the soil constituents to which they were bound.
The microbial characteristics of the soil (activity and bio- mass) were not correlated with any of the mineralization kinetic parameters or total yields of 14CO2 (P : 0.05 in all cases).
DISCUSSION
These experiments demonstrated that under realistic soil conditions, the microbial mineralization of organic chemicals in soil is controlled in part by interactions between the chemicals and the soil matrix constituents. These interactions affected both the yields of 14CO2 from radiolabeled chemicals introduced into soils and the kinetics of mineralization. While other studies have demonstrated that purified soil constituents can adsorb and potentially affect the subsequent degradation of chemicals, most of these studies have not been performed under typical soil solution conditions with intact soil communities. Commonly, the adsorption and desorption of chemicals is examined in dilute solutions of the soil constituent, which do not represent the typical soil solutions or soil water activity (a,) (6, 12, 31, 38, 39, 41) . The unique value of this study is that mineralization of chemicals in known environmental forms was measured under realistic aw conditions, at which the biological, chemical, and physical characteristics of a natural soil were largely preserved.
Mineralization in this study exhibited multiphasic kinetics, consistent with multiple controlling factors. Typically, the mineralization data were better described by the 3/2-order model than the first-order model. The improved fits resulted from the inclusion of the ko term in the 3/2-order model, which describes a zero-order process that follows the initial firstorder phase of mineralization (7). Brunner and Focht (7) found that ko was constant for a variety of substrates in any one soil and suggested that it describes the indigenous rate of carbon release in a soil. Others have concluded that biphasic biodegradation kinetics are related to desorption, since models that have a desorption term typically provide better fits to soil biodegradation data (17, 21, 30, 42) . Furthermore, biphasic desorption kinetics have been frequently observed for organic chemicals in soil and are characterized by a relatively quick initial release of the chemical from the soil or soil constituent, followed by a slower desorption phase (4, 18, 30, 34, 38) . In the present study, it is likely that ko was indicative primarily of slow desorption of the "4C substrates from the soil matrices. This conclusion is based on observations that the ko values varied as a function of the surfactant and the soil constituent to which it was bound. The ko was greatest when the surfactants had been preadsorbed to sand or kaolinite and lowest when they had been bound to humics or montmorillonite.
Association of the surfactants with soil minerals (sand and clays) led to variable effects on the mineralization kinetic parameters. Sand and kaolinite complexes exhibited some of the highest rates (k1 and ko) and extents (PO and total yields of 14C02) of mineralization, while illite and montmorillonite complexes generally exhibited lower PO and total yields of 14GO2 but similar initial mineralization rates (k1). PO values for the illite complexes were 9 to 34% lower than those for the corresponding kaolinite complexes, with LAE and STAC exhibiting the greatest treatment effect ( (33) .
These results expand on and are generally consistent with experiments that demonstrate the ability of clays to inhibit biodegradation of organic compounds. They are consistent with the observations that benzylamine degradation by a Pseudomonas sp. was slower when montmorillonite (1 g liter-1) was present (31) and that nucleic acids bound to montmorillonite were generally oxidized to lesser extents than those bound to kaolinite or illite (16). They were not, however, consistent with the observations of Scow and Alexander (41) that the degradation of phenol, glutamate, and p-nitrophenol was slower when they were incubated in aqueous solutions containing kaolinite. This incongruity demonstrates the different results that can be observed when testing biodegradation processes at realistic soil a, in contrast to testing them in dilute solutions.
The mineralization of the surfactants was consistently inhibited when they had been preadsorbed to humics. Whereas most of interactions between the chemicals and clays (or sand) were probably ionic or involved hydrogen bonding, those with the humics were probably hydrophobic and in some instances may have involved covalent bonding (8, 27) . The initial mineralization rates of all chemical-humic acid complexes were much lower than those of the other complexes. In addition, the onset of humic acid-LAS complex mineralization was preceded by a 3-day lag period, and mineralization of LAE exhibited a sigmoidal pattern. Furthermore, the desorption coefficients for humic complexes of LAS, stearate, and STAC were much greater than those of the other complexes. These complexes exhibited much lower P0 values than the other complexes, which suggests a smaller pool of readily bioavailable chemical in the humic complexes. These results agree with other reports that showed that nonbiological binding events or enzymatic incorporation between chemicals and soil organic matter would lead to much longer persistence in the environment (8, 15, 26, 27) .
The log Kd values of the compounds and soil constituents were negatively correlated with the kinetic parameters k1, PO, and total measured yield (Fig. 6 ). These correlations suggest that the greater the affinity of a chemical for the environmental matrix, the less it will be available to the indigenous degrading populations. These relationships, however, should be viewed with caution, because a short-term equilibration constant (determined over 24 to 48 h) is being compared with a longer-term (60 day) process. Furthermore, in the short-term Kd determinations, the surfactants partition between a large amount of solution and a small amount of soil constituent solids. In the biodegradation experiments, the surfactants partition into a much smaller volume of soil solution and are accurately assess the biodegradation of a chemical in a soil, it is important that the chemical be added in the same manner that it normally enters the soil environment. Thus, chemicals that enter soil in association with sewage sludge, such as surfactants, are best studied preassociated with sludge. Similarly, the fate of other chemicals that enter soils (e.g., pesticides) should be studied in the same form in which they are customarily applied.
In summary, a chemical in a soil environment can be in solution, sorbed weakly or tightly to inorganic and organic soil constituents, or covalently incorporated into soil organic matter, such as humics. The bioavailability of the chemical for biodegradation will depend on which of these environmental forms is predominant. How the chemical is distributed among these forms is determined by its physical and chemical characteristics, its mode of entry, and the composition and mineralogy of the soil. The ultimate fate of a chemical in soil is the result of several competing processes: biodegradation, irreversible sorption, humification, and diffusion into interstitial spaces not accessible to microorganisms. The outcome of this competition is dependent on the kinetics of these various processes and the points from which they begin. These starting points are defined by the mode of entry of the chemical into the soil matrix and its form at the time of this entry.
